The search for new control methods over light-matter interactions is one of the engines that advances fundamental physics and applied science alike. A specific class of light-matter interaction interfaces are setups coupling photons of distinct frequencies via matter. Such devices, nontrivial in design, could be endowed with multifunctional tasking. Here we envisage for the first time an optomechanical system that bridges optical and robust, high-frequency xray photons, which are otherwise notoriously difficult to control. The x-ray-optical system comprises of an optomechanical cavity and a movable microlever interacting with an optical laser and with x-rays via resonant nuclear scattering. We show that optomechanically induced transparency of a broad range of photons (10 eV-100 keV) is achievable in this setup, allowing to tune nuclear x-ray absorption spectra via optomechanical control. This paves ways for metrology applications, e.g., the detection of the 229 Thorium clock transition, and an unprecedentedly precise control of x-rays using optical photons.
ultraviolet (VUV) region, is presented.
The optomechanical-nuclear system under investigation is illustrated in Fig. 1a . An optomechanical cavity of length L driven by an optical laser has an embedded layer in the tip of the microlever containing Mössbauer nuclei that interact with certain sharply defined x-ray frequencies. The nuclei in the layer have a stable or very long-lived ground state, and a first excited state that can be reached by a resonant x-ray Mössbauer, i.e., recoilless, transition. Typically, this type of nuclear excitation or decay occurs without individual recoil, leading to a coherent scattering in the forward direction 30 . Another type of excitation including the nuclear transition together with the motion of the microlever, i.e., phonons, can also be driven by red or blue-detuned x-rays. The nuclear two-level system can be therefore coupled to the mechanical motion of the microlever of mass M . The term "phonon" is used here to describe the vibration of the center of mass of the cantilever, visible in the tip displacement y. According to the specifications 1 of various mechanical microlever designs, the phonons in this setup are expected to be in the MHz regime. We choose to label the space coordinate with y since the notation x will be used in the following for the x-ray
field. An effective model of nuclear harmonic oscillator interacting with x-rays can be constructed to describe the hybridization 31, 32 of the x-ray-nuclei-optomechanical systems. To this end the wellknown optomechanical Hamiltonian 1, 33-37 is extended to include also the x-ray interaction with the nuclear layer embedded in the tip of the microlever. Since the nuclear transition widths are very narrow ( 10 −9 − 10 −15 eV), we assume that the nuclei interact with a single mode of the x-ray field.
The full Hamiltonian of the system sketched in Fig. 1a is a combination of the optomechanical Hamiltonian 1, 33, 36 and nuclear interaction with x-ray photons, which can be written in the interaction picture and linearized version as (see Methods and Supplementary Information for detailed derivation) as
Here, ω m is the optomechanically modified oscillation angular frequency of the microlever, ∆ c is the effective optical laser detuning to the cavity frequency obtained after the linearization procedure, and G the coupling constant of the system. The operators a † ( a) and b † ( b) act as cavity photon and phonon creation (annihilation) operators, respectively. As further notations in Eq. 1, ∆ = ω x − ω n is the x-ray detuning with ω n the nuclear transition angular frequency and
is the x-ray angular frequency (wave vector), respectively. Ω is the Rabi frequency describing the coupling between the nuclear transition currents 50 and the x-ray field, Y ZPF is the zero-point fluctuation, the reduced Planck constant, and e and g denote the nuclear excited and ground state, respectively. The linearization procedure leading to the Hamiltonian in Eq. (1) was performed in the red-detuned regime, namely, cavity detuning ∆ c = −ω m , which results in the so-called "beamsplitter" interaction 1 with the optomechanical coupling strength G. We use the master equation involving the linearized interaction Hamiltonian to determine the dynamics of the interface system and the nuclear x-ray absorption spectra as detailed in Methods. Figure 2 demonstrates the x-ray/VUV absorption spectra for several nuclear targets, together with an illustration of the corresponding Lamb-Dicke parameter η = k x Y ZPF . We consider nuclear transitions from the ground state to the first excited state in 229 Th, 73 Ge and 67 Zn, with the relevant nuclear and optomechanical parameters presented in Table 1 . The chosen optomechanics setup parameters 38 are M = 0.14 µg, the inherent phonon frequency ω 0 = 2π × 0.95 MHz, the optomechanical damping rate γ 0 = 2π × 0.14 kHz, the optical cavity decay rate κ = 2π × 0. We are now ready to discuss the results including the optomechanical coupling, G > 0, illustrated by the blue and red dashed lines in Fig. 2 . Remarkably, the optomechanical coupling introduces a dip at the center of each line. As illustrated also in Fig. 1b , the line splittings are caused by the optomechanical coupling G, which links different phonon Fock states via the beam splitter interaction 1 . We stress here that the nuclear x-ray absorption is only modified by the optomechanical coupling and does not have to do with x-ray recoil which is not occuring in our scheme. The depth and the spacing of the dips are proportional to the input optical laser power which modifies the strength G. Fig. 2 shows that the absorption gradually goes to zero with increasing laser power P . The diagonalization of the Hamiltonian shows that the two split peaks around the zero phonon line are approximately positioned at ∆ = ± G √ m + v + 2mv + s 2 − 2s 2 . These two eigenvalues correspond to transitions between the ground state |g, v, n and the two eigenstates
. These eigenstates result in an analog of the so-called optomechanically induced transparency [34] [35] [36] in the x-ray domain and offer means of controlling x-ray spectra. This is a new mechanism compared to typical target vibration experiments of Mössbauer samples [23] [24] [25] [26] , in the classical phonon regime. The width of the splitting indicates that, with sufficient phonon numbers, the compelling optomechanical coupling can be accomplished by an optical laser. This feature may render control of x-ray quanta by means of weak optical lasers possible. In order to demonstrate this possibility, laser power parameters of few nW are used in the calculation to implement full transparency of x-rays around the nuclear resonance (see blue dashed-dotted and red dashed lines in Fig. 2 ).
Since the natural nuclear linewidths are far more narrow than present x-ray sources, the suit- The VUV spectra of 229 Th illustrated in Fig. 2a reveal that our chip-scale system could be used to determine the nuclear clock transition energy [42] [43] [44] . For this exceptional case with VUV nuclear transition energy, the excitation could be achieved with VUV lasers at present in development 45 . 
Here, ω 0 denotes the inherent phonon, ω c the resonant cavity, and ω n the nuclear transition angular frequency, respectively, and Ω is the Rabi frequency describing the coupling between the nuclear transition currents 50 and the x-ray field. The operators x † ( x) act as x-ray photon creation (annihilation) operators, respectively. The optomechanical coupling constant is given by
where Y ZPF denotes the zero-point fluctuation. Typically, the Hamiltonian expression above is transformed in the interaction picture and linearized with respect to the cavity photon number at equilibrium 1, 36 , i.e., the balance between external pumping and cavity loss. It is therefore convenient to neglect external cavity driving terms by classical optical fields in the Hamiltonian of the system 1, 35, 36 . We will see below that one can effectively attribute the modified properties of the system to the new optomechanical coupling constant G. By an unitary transformation to the rotating frame 1 (see Supplementary Information) , we obtain the Hamiltonian in the interaction picture
where ∆ c = ω l −ω c is the optical laser detuning to the cavity frequency, ω l the optical laser angular frequency and ∆ = ω x −ω n the x-ray detuning. The final step is to linearize the Hamiltonian by per-forming the transformation a → √ n cav + a, where n cav is the averaged cavity photon number, and a becomes the photon number fluctuation 1, 36 . The expression n cav + v| a † a|v gives the photon number of the full cavity field. We neglect the first order terms of a † b † and a b in the rotating wave approximation, and the second order terms proportional to a † a. The zero order terms n cav ( b † + b) may be omitted 1 after implementing an averaged cavity length shift δL = ω c n cav /(Lmω Fig. 1(a) , and the optomechanical damping rate shift is given by δγ 0 = 4G
. The effective optomechanical damping rate γ m = γ 0 + δγ 0 . A relevant quantity is the average number of photons inside the cavity, which depends on the optical laser power P and is given by 1 
The x-ray absorption spectrum of the interface system is determined by the off-diagonal terms of the Hamiltonian H, i.e., e, v, m| H|g, v, n = 
Typically, only low nuclear excitation is achieved in nuclear scattering with x-rays, such that the master equation in the perturbation region Γ/2 + κ + γ m > G Ω can be used, corresponding to the stable regime. We note here that nuclear scattering experiments and simulations have confirmed in this low excitation regime the validity of the semi-classical limit for x-ray-nucleus interaction 52 .
The steady state solution reads
where the total decoherence rate notation s = Γ/2 + κ + γ m was introduced. By replacing Fig. 2 are presented in the third column. The minimum phonon number n min for resolving the first phonon line and the valid maximum phonon number n max = 100n min are calculated by using 0.1 ≤ η √ n < 1. 
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